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Introduction
Adhesively bonded joints (ABJ) are economical, practical and easy to make [1] and thus have been widely used to connect dissimilar materials in a variety of industries including civil engineering [2] [3] [4] , automotive [5] [6] [7] and aircraft industries [8] . The strength evaluation and failure analysis of ABJ in various applications is an important topic. Accordingly, great efforts have been made in the finding efficient models for predicting the load-bearing capacity of ABJ, so as to design optimal joints with proper adhesives for practical requirements in engineering.
Much research in this area has previously been carried out on both analytically and theoretically topics. These can be grouped into two main categories. The first of these is based on stress analysis for both the shear and normal stress along the adhesive layer, being calculated to assess the load-bearing capacity of the joints [9] [10] [11] . The second category is based on a linear elastic fracture mechanical analysis, which appears to be a viable method to predict the overall strength of joints and has been investigated by other groups [12, 13] . The adherends are considered to be elastic beams, which deform according to the classical Euler-Bernoulli beam theory, and the adhesive is regarded as a generalized spring medium [13] . In order to fully understand the failure mechanism of ABJ under complex conditions, a number of numerical models have been employed. In particular, by employing the commercially available Finite Element analysis codes (e.g. ABAQUS), many complicated issues have been investigated. Yang and Thouless [14] have developed a mode-dependence embedded process zone model and simulated the mixed-mode fracture of plastic deformable adhesive joints. The mode-I and mode-II fracture parameters adopted in the simulation have been obtained from their previous experimental tests. Similarly, Li et al. [15] have adopted the cohesive zone (CZ) approach to quantitatively predict the strengths and the mixed-mode failure mechanisms of the adhesively bonded composite joints. De Moura et al. [16, 17] have also developed a mixed-mode CZ model with a trapezoidal shape traction-separation (T-S) law to predict the fracture behavior of adhesives. The results from these researchers have shown that the modedependence properties of adhesives play an important role in describing the overall strength of ABJ. As Yang and Thouless [14] have pointed out that the overall strength of a single lapshear specimen is significantly larger than that of a T-peel specimen. The discrepancy of the overall strengths between the configurations is caused by the mode-dependence properties of the adhesives. Therefore, all the above quoted researchers have employed the mixed-mode numerical model based on an accurate description of the adhesives. Especially, by introducing of mixed-mode cohesive zone models (CZMs), the fracture behavior can be captured by several important cohesive parameters, which involves separation strengths and separation energies in shear and tensile directions.
Among the ABJ investigated by the above researchers, the single lap joint (SLJ) is a typical example of a mixed-mode configuration (shown in Figure 1(a) ) to validate mixed-mode cohesive properties [14] . Because the failure of the SLJ is often accompanied by rotation of the overlap, both the normal and shear stresses along the adhesive will vary and re-distribute with the deformation of the SLJ [5] . Therefore, the material parameters in the tensile and shear directions would influence the failure behavior of SLJ together. Based on these considerations, some mixed-mode CZ models have been developed and employed in modeling the 
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W. Xu and Y. Wei adhesives for joints [14, 18] . The cohesive parameters utilized in the models were obtained from special tests. For example, the cohesive parameters of mode-I fracture were determined from double cantilever beam (DCB) tests [14, 18, 19] . Although in some numerical analyses of the SLJ, the adopted parameters of the mixed-mode CZ models were taken from related experimental measurements. However, the experimental data on the mechanical behavior of SLJ, which can be referred to, are very few. Early researchers working on the SLJ behavior were not systematical in their approach. For an example, there has not been an overall-assessment of the impact of adhesive properties, which should play a very important role in the strength and failure of SLJ systems.
In the present research, assessments of brittle and ductile adhesive properties were performed systematically through defining both strength mixity and energy rate mixity for adhesives and introducing the mixities to describe the interface debonding and the overall behavior of the SLJ. By using the CZ model, the adhesive strength mixity was defined as the ratio of shear to tensile separation strength, and the energy rate mixity was defined as the ratio of areas below the shear cohesive curve and below the tensile cohesive curve. For each specified group of the mixity parameters, corresponding to a particular adhesive, the overall strengths and the critical displacements of the boned joint can be characterized. A series of strength and energy rate mixities were taken into account in the present calculations. Some comparisons with existing experiments were also investigated for both brittle and ductile adhesives. Finally, the damage initiation and evolution of adhesive layers was also investigated.
Model and simulation
In this section, a numerical model of the SLJ was built with the commercially available finite element method (FEM) code ABAQUS. All features used in the present calculations were built-in features of the FE code. For the present model, since the width of the adherends used for the joint was far larger than the thickness, the joins under tension can be treated as an elastic-plastic plane strain problem. Figure 1 (b) depicts the computational model of the SLJ, which consists of two similar metallic adherends of thickness of h, having a typical value of 2 mm. The length of the adherends a was assigned the value of 120 mm. The adherends were connected by the adhesive layer of length l, which was also called an overlap length in this paper. The adherends were meshed using four-node quadrilateral plane strain elements, of which the total number was set at 2420 upon checking the convergence of the numerical results. Under uniaxial stretching, the joint was deformed under plane strain. In the numerical models, the left side of the joint was fixed in the horizontal direction, and the lower left corner was also fixed in the vertical direction. The model was loaded by means of an increasing displacement, and a uniform displacement of u was applied to the right side of the joint.
Computational model
The metallic adherends were modeled as elastic-plastic solids, with their true stress-strain curves fitted using power-law hardening laws [20, 21] , as:
Journal of Adhesion Science and Technology 11 where E is the Young's modulus, N is the strain hardening exponent, and r Y is the yield strength. For the present model, the metallic adherends were assumed to be high-strength steel with the three material properties having the values of 200 GPa, 0.078 and 400 MPa, respectively.
Mixed-mode CZM
CZMs based on T-S laws were well suitable to describe the de-cohesion in composite structures. The CZMs require T-S relations for characterizing their constitutive laws. So far, considerable research has focused on the constitutive laws of CZMs and their applications [22] . It has been established that while the peak value and area of the T-S curve are vital for capturing the interface separation behavior, its precise shape is of less significance [23] . Consequently, for simplicity, the bilinear T-S law [22, 24, 25] shown in Figure 2 was selected for the present study. Built upon the bilinear CZM, the adhesive layer, also treated as interface between the two metallic adherends, was modeled with the CZ elements. Figure 2 shows the T-S relation of the CZM, with Figure 2 (a) and (b) giving the relationships in tensile and shear directions, respectively. To distinguish the tensile T-S law from the shear one, the superscript "n" represents the normal (or tensile) direction and '"s" denote the shear direction. In Figure 2 , u m and u c are the maximum and critical separation displacements, respectively, and T is the traction stress.
Since the maximum value of T n is r m while that of |T s | is s m , the interfacial separation energy rates in the two directions can be expressed as:
As the loading is increased beyond a critical value, the interface begins to soften, and degrade, namely, the interface is now in the damaged (or softening) state. Typically, damage is initiated when a certain criterion is satisfied. In the present study, inspired by the bilinear law of Figure 2 , the quadratic nominal stress criterion was adopted to characterize interfacial damage, described as: 
where Á c and Á f denote the total displacement at damage initiation and complete failure. The quantity, Á f is determined by
with T eff c denoting the effective traction at
In Equation (4), Á max denotes the maximum total displacement experienced during the loading history.
Noting that Γ is the total separation energy of the adhesive, it can also be called the adhesive separation energy rate. Generally, Γ depends on the mode-mixity. In other words, the adhesive separation energy rate varies as a function of the mode-mixity. Thus, it could be termed the mixed-mode separation energy. In the present investigation, Γ was determined by the linear fracture criterion, which can be expressed as:
where G n and G s denote work done by the traction and its conjugate relative displacement in the tensile and shear directions, respectively. À n and À s refer to the critical separation energy rates required to cause failure in the tensile and shear directions, respectively, as defined in Equation (2) . Consequently, the total adhesive separation energy rate can be determined by:
when Equation (5) is satisfied. The adhesive layer was modeled with a single layer of four-node cohesive elements, which shared nodes with the neighboring elements in the upper and lower metallic adherends. In order to obtain better computational accuracy, the overlap region was densely meshed while sparse mesh was adopted in other regions as shown in Figure 1 (c).
Influences of adhesive mode-mixities

General descriptions
The overall strength prediction and failure analysis of an ABJ are often implemented by accurate and reliable characterization of adhesive properties. As mentioned above, both the strength and the separation energy are two critical adhesive material parameters needed to determine the failure behavior of joints. The overall strength and failure behavior would exhibit the remarkable discrepancy under the single mode-I and single mode-II loadings [27] , which results from that the adhesive properties in tensile direction are always different from those in shear direction. For some configurations such as DCB and T-peel specimens [14, 19] , Journal of Adhesion Science and Technology 13 the tensile adhesive properties could have a more severe impact on the overall strength of the adhesive systems. By contrast, for other configurations, such as the SLJ [28] , the shear adhesive properties would be more significant for the adhesive systems. For the purpose of characterizing the relationship between the tensile and shear adhesive properties, two types of mode-mixities are defined as follows:
where u and È are called strength mixity and energy rate mixity, respectively. For a specified adhesive, the values of u and È are constant values. Thus, in the present investigation, u and È can be regarded as special adhesive properties. It should be noted that the two mixities are different from the phase angle / defined in terms of the mode-I and mode-II energy release rate components at point of fracture, with the definition:
which is used to characterize the relative proportions of shear to tensile deformations contributing to crack growth and the relationship between the mode-I and mode-II fracture behavior. Note, however, that the mixities defined in (7) are material characteristic parameters independent of the loading mode. Combining Equations (5)- (8), the relationship between the energy rate mixity and the phase angle can be determined below, with the linkage of À and À n :
The total separation energy rate À normalized by À n could be plotted as a function of loading mixity phase angle / for selected energy rate mixity È, as shown in Figure 3 (a); vari- 14 W. Xu and Y. Wei ation of the normalized total separation energy rate is significantly influenced by È. With increasing /; the normalized total separation energy rate increases when the È is larger than 45°, and also the increasing gradient is larger for a larger È. By contrast, the normalized total separation energy rate decreases when the È is less than 45°, and the decreasing gradient is larger for a smaller È. Noting that the failure mode would be simplified to the modeindependence when È is equal to 45°, namely, the normalized total separation energy rate keeps constant with the value of 1. In order to show the full view for the combined influence of energy rate mixity È and loading mode-mixity phase angle / on the total separation energy rate, a 3D graph between the total separation energy rate and these two angles is plotted in Figure 3 (b), which has a similar conclusion as Figure 3 (a) shows.
Effect of strength mixity
Since the ductility of the adhesives can influence the strength and failure behavior of the ABJ [29] [30] [31] , two types of adhesives were therefore considered in the present investigation: one was a ductile adhesive (i.e. Hysol EA 9361) and the other was a relatively brittle adhesive (i. e. Hysol EA 9321), which were also selected by the existing experiment [29] . The initial stiffnesses of the brittle and ductile adhesives were assigned the values of 7740 and 1340 MPa/ mm, respectively, which were obtained from Refs. [29, 33] . In this section, the influence of strength mixity of the adhesive was considered under the condition of similar separation energy rates with the values given in Table 1 , taken from Ref. [29] . The separation energy rate components of the ductile adhesive were significantly larger than those of the brittle adhesive, which was the main discrepancy between the two types of adhesives.
It should be noted that the tensile separation strengths of the adhesives were assigned the same values of the yield strengths of the adhesives, namely, 4.23 MPa for the ductile adhesive and 21.99 MPa for the brittle adhesive. Strictly speaking in practice, the separation strength of adhesive is often larger than its yield strength [20] , but the exact relation between the separation strength and yield strength is still unobtainable. Accordingly, the assumption of the tensile separation strength being equal to yield strength was adopted following previous research work [32] . For a specified adhesive, both the tensile and shear separation strengths should be two constant values. Unfortunately, the shear separation strength was not given in the original reference [29] , which inspired us to explore the influence of the strength mixity of adhesives. As depicted in Table 2 , the shear separation strength increases with the increasing adhesive strength mixity, according to Equation (7).
By employing the above adhesive parameters for the present model, the overall mechanical behavior of the SLJ model were obtained by FE calculations. Figures 4 and 5 show the load-displacement curves of the SLJ with the brittle and ductile adhesives, respectively, considering the influence of a series of strength mixities. It should be noticed that the exerted load is expressed in the form of F=h and the displacement is normalized by the adherend length a. Journal of Adhesion Science and Technology 15
Overall, both figures indicate that the load-displacement curves vary remarkably with the various strength mixities, which means the load-displacement relations were significantly influenced by the shear separation strength components. The curves will produce higher peaks for the larger strength mixities. Differently however, nearly all the curves in Figure 4 decreased dramatically in the declining stage except for the case of u ¼ 15
. Because the total separation energy rate of the brittle adhesive is always relatively low, both the fracture process zone and the CZ are small. Consequently, the adhesive showed a brittle failure mode. It is worth mentioning that the adhesive corresponding to u ¼ 15 appeared as a ductile failure feature, which results from the following reason: it can be seen from Equation (2) that the characteristic lengths ðu n m and u s m Þ of the CZ increase with decreasing separation strength when the separation energy rate is determined. For the case of u ¼ 15 , the shear separation strength was low enough that the length of CZ was relatively large, which resulted in the ductile failure as depicted in Figure 4 . By contrast, nearly all the curves in Figure 5 decreased gradually, exhibiting a ductile failure feature. Similar to the special case in Figure 4 , a special case is also seen in Figure 5 , namely, the case corresponding to u ¼ 75
. It shows the relatively brittle failure feature, which can be also explained by the reason given above. In order to clearly show the influence of adhesive strength components on the overall strength of the joints, as presented in Figure 6 , the peak load F p was plotted as a function of the strength mixities for two types of adhesives. The results show the discrepancy between the brittle and ductile adhesives. Overall, the range of peak loads corresponding to the brittle adhesive was higher than that corresponding to the ductile adhesive except when the mixity angle was close to 90°. Besides, with the increasing strength mixity, the variations of the peak load for the two adhesives exhibited different trends. The rate of increase of the peak loads 
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for brittle adhesive slowed down and tended to a stable value, while that for the ductile adhesive, speeded up. Consequently, the peak load for the ductile adhesive exceeded that for the brittle adhesive when the mixity angle approached 90°. For a purpose of checking the feasibility of the present numerical method, the existing experimental results [29] with the adoption of the same adhesives were compared with the computational predictions of the peak load. Here, the experimental strength mixity angle should have been calculated through the exact tensile and shear separation strengths. Unfortunately, the original reference [29] did not give the value of the shear separation strength. However, it could be estimated by using the equation s m ¼ F p =A with A denoting the lap area. It should be noted that the inaccuracy of the estimation by the equation s m ¼ F p =A may be caused by the rotation of the joint. However, the estimation by the equation was still adopted in the present investigation for the following reasons: on the one hand, the original reference (see, Ref. [29] ) did not give the value of the shear separation strength. It was also very difficult to obtain the value through our literature search. Accordingly, though it is only a rough estimation, using the equation seems the only way to achieve the goal. On the other hand, the adherends adopted in the present model were made of high-strength steel, and thus, they had a much higher yield strength compared to that of the adhesive in the model. As a result, it can be predicted that the rotation of the joint is slight. Based on the above considerations, it was acceptable to use the equation for the estimation in the present investigation.
Generally, the deviations between the test results and predicted curves for both adhesives were not remarkable. However, compared with the deviation for the brittle adhesive, the deviation for the ductile adhesive was more notable. This was not only because of errors in both the experiment and in the original reference [29] but more significantly as a result of the assigned shear separation strength values for the test results. As previously pointed out, the values were determined by estimation through the equation s m ¼ F p =A. The estimated value would be more accurate if the joint rotation was smaller. It can be predicted that the maximum rotation angle during the loading history would be smaller when the bondline was weaker under the condition of the same adherends. It can be seen in Figure 6 that the experimental peak load corresponding to the ductile case was obviously larger than that corresponding to the brittle case. Consequently, it was inferred that the maximum rotation angle for the ductile case was larger, which induced the larger deviation between the estimated value and the real value of the shear separation strength.
In the present investigation, the displacement corresponding to the peak load in Figure 4 was defined as the critical displacement u c . Figure 7 plots the critical displacement as a function of strength mixity angle for both brittle and ductile adhesives. It is interesting to observe the similarity with Figure 6 , which can be understood from the characteristic of the load-displacement curves of SLJ shown in Figures 4 and 5 . In the rising stage of the curves, nearly all the curves appeared to have the same slope, which can be regarded as the stiffness of the joints. Obviously, the stiffness did not change with the strength mixity angle, which is caused not only by the linear elastic behavior of the interface prior to damage, but also because there is almost no plasticity. In the present investigation, since the adherends adopted in the present model were high-strength steels, they were stretched within the range of their linear elastic deformation, even though subjected to the peak load in the present model. Moreover, it can be seen that there was still only a small degree of nonlinearity in the load-displacement curves in Figure 4 ; this is due to the rotation of the joint and not due to the plasticity of the adherends. Based on the above reasons and inspired by the meaning of stiffness, it is reasonable to accept that the critical displacement will keep consistent with the peak load, as presented in Figure 7 .
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Effect of separation energy rate mixity
In this section, the influence of adhesive separation energy rate components was considered with the introduction of the energy rate mixity. As presented in the above text, the mechanical behavior showed a significant discrepancy between the brittle and ductile adhesives, it is therefore necessary to consider the situations for the two adhesives separately. In the present investigation, a series of separate energy rate mixities were obtained under the condition of same tensile separation energy rate À n , taken from Table 1 . According to the mixity definition in Equation (7), several shear separation energy rates can be obtained and are shown in Table 3 . Previous researchers including both the experiments [28, 31] and simulations [33, 34] have pointed out that the separation strength and the separation energy rate have a combined effect on the strength of the ABJ. Thus, in the present simulation, the effect of the energy rate mixity should be taken into account together with the influence of the strength mixity.
The load-displacement relations of the SLJ subjected to the tensile loading can also be calculated, taking into account the two types of adhesives. The detailed load-displacement curves are shown in the Appendix. Based on the curves, the peak load could be obtained and plotted as a function of the energy rate mixity angle È for several strength mixities u; the cases of both brittle and ductile adhesives are shown in Figures 8 and 10 , respectively.
For the brittle adhesive shown in Figure 8 , the peak load generally increased as the energy rate mixity increased. However, the increasing tendency was significantly affected by 
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the strength mixity effect. In detail, when the strength mixity angles were assigned relatively high values (e.g. u ¼ 75 ), the increased gradients of the peak load were large. In other words, with the increasing energy rate mixity, the peak load increased dramatically. In contrast, the peak load increased negligibly with increasing energy rate mixity when strength mixity angles were assigned relatively low values (e.g. u ¼ 15 ). The variation of critical displacement shown in Figure 9 had a similar tendency as that of peak load, which can be also understood by the reason presented in Section 3.2.
For the ductile adhesive, the situation was quite different. As shown in Figure 10 , the variation of the peak loads was negligible as the energy rate mixity was increased. Especially when the strength mixity was considered large, namely in the range between 15 and 60 , the Figure 9 . Critical displacement plotted as a function of energy rate mixity angle for various strength mixities, considering the category of brittle adhesive. 
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W. Xu and Y. Wei peak loads were almost unchanged with increasing energy rate mixity. Only a slight increase in the peak load was seen in the case of u ¼ 75 . Furthermore, as shown in Figure 11 , the critical displacement corresponding to the ductile adhesive, generally had a similar tendency to the peak load, and the increasing tendency for some cases (i.e. u ¼ 45 -75 ) was slightly more obvious than that of peak load shown in Figure 10 , which could be explained based on the observation from Figure A2 in the Appendix. It can be seen in Figure A2 that when / was small (e.g. u ¼ 15 and 30 ), there were two distinct stages in the curves, namely, the linear rise stage and linear decline stage. The peak points in the curves with various È values appeared superimposed. Consequently, there was little difference in the curves in Figures 10 Figure 11 . Critical displacement plotted as a function of energy rate mixity angle for various strength mixities, considering the category of ductile adhesive. 
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and 11 for the relatively smaller u (i.e. 15 and 30 ). However, when u was relatively larger (e.g. u ¼ 75 ), the situation was quite different. It can be seen in Figure A2 (e) that some curves (e.g. È ¼ 15 and 30 o ) exhibited two stages mentioned above, while other curves (e.g. È ¼ 60 and 75 ) exhibited three stages including linear rise, nonlinear rise and a declining stage. As a result, the peak values of those curves were not the meeting points between the linear rise and declining stages. The existence of the nonlinear rise stage would induce the increased steps for the peak loads and critical displacements not to be equal, which in turn would cause the difference between Figures 10 and 11 for the higher values of u. In short, for the ductile adhesive, the overall strength of SLJ was not sensitive to the separation energy rate mixity even though the strength mixity was large, which may be due to the following reasons. The previous research has pointed out that the adhesive with the larger separation energy rate was able to distribute the load over a larger area [29] . In other words, the adhesive with the larger separation energy rate benefited and made full use of the loadbearing capacity of the adhesive layer. Thus, the overall strength of SLJ can be enhanced by increasing the separation energy rate from a small value to a relatively large value. However, when the separation energy rate increased further, with the load distribution being uniform along the adhesive layer, its load-bearing capacity attained saturation. After that, increasing the adhesive separation energy rate further will just increase the energy dissipation during bondline softening. In the present simulation, the separation energy rate of the ductile adhesive was profoundly larger than that of the brittle adhesive. Thus, increasing the adhesive separation energy rates, especially its shear component, will just increase the energy dissipation during the adhesive layer softening, without helping to enhance the load-bearing capacity. Noting that both strength and energy rate mixities were obtained from constant tensile fracture parameters in this paper, the larger values of mixities means larger shear fracture parameters. Based on the above analysis, the results given in Figure 10 can be understood.
Damage analysis
Note that all the loads increased to peak loads and then declined with increasing displacements as shown in Figures 4 and 5 . Although the peak loads correspond neither to crack initiation nor to the onset of instability [14] , the peak loads were generally regarded as the assessment values of the load-bearing capacity [1, 29, 31, 35] . Thus, it is worth figuring out what happens to the adhesive layer when the load peaks. In order to find a reasonable answer, the damage analysis of the adhesive layer should be carried out considering the situation when the loads peak. In this section, both the brittle and ductile adhesives were considered with the separation energy rate components presented in Table 1 . Additionally, the shear separation strengths of the brittle and ductile adhesives were 15.57 and 25.83 MPa, respectively, as obtained by inverse analysis from Figure 6 , considering the case corresponding to adhesive thickness being equal to 1 mm in the original reference [29] . Equation (4) was employed to describe the damage level of the cohesive elements. The damage variable D increased monotonically from 0 (corresponding to damage initiation) to 1 (corresponding to total failure). Figure 12 plots the damage distribution along the adhesive layer when the peak loads were reached, with the horizontal axis denoting the position coordinate initiated at the left point "o" (see, Figure 1(b) ). In order to obtain the influence not only from the adhesive type but also from the overlap length, the two adhesive types together with two overlap lengths were taken into account. It is interesting to note the main results. Firstly, the damage levels corresponding to ductile adhesive were more significant than those corresponding to brittle adhesive; this may be a result of the load distribution along the
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W. Xu and Y. Wei bondline. In Ref. [29] , it is reported that the ductile adhesive was able to distribute the load over a large bonding area. Similar research [7] has also pointed out that adhesive shear stress distribution in SLJ with a ductile adhesive was more uniform than in the case of a brittle adhesive. Consequently, it is easy to understand why the damage distributions for ductile adhesives appeared more uniform when compared to the cases involving brittle adhesives. Moreover, although the SLJ for brittle adhesive reached its load-bearing peak, some areas near the midpoint of the overlap were not damaged; in other words, the damage variable for that area was zero. Secondly, all the curves in Figure 12 showed a higher damage level near both the extremities of the adhesive layer. This was reasonable since both the tensile and shear stress components were relatively high near the extremities of the adhesive layer [28, 36] . Finally, the influence of the overlap length was clear. The damage distribution for the short overlap length (i.e. l ¼ 5 mm) was more uniform. By contrast, the variation of the damage distribution for the long overlap length (i.e. l ¼ 25 mm) was much more severe. In other words, the discrepancy between the peak and the low values of the damage variable along the overlap was considerable for the long overlap length. Furthermore, when the SLJ reached its peak load, the damage level along the adhesive layer corresponding to long overlap length was higher. It implied that the load-bearing capacity of the adhesive layer with a short overlap length was not made full use of in comparison with long overlap length. Although it is apparent that the shear adhesive stress component plays a leading role in the damage process of SLJs, the effect of the shear stress component needs to be quantitatively explored. Considering that both the shear and tensile stress components contributed to the damage initiation in adhesive as suggested by Equation (3), the proportions of the each stress component is still unknown. In particular, the contribution of the shear stress component to the damage initiation should be clarified. Accordingly, Figure 13 plots the contribution distribution of shear stress component to the damage initiation in the adhesive layer, considering the influence of both the adhesive type and the overlap length. The contribution of the shear stress component to damage initiation can be expressed in terms of ðT s =s m Þ 2 . Noting that the mid region of bondline for the case with the brittle adhesive and l ¼ 25 mm was not damaged (i.e. D ¼ 0) as shown in Figure 12 ; thus, the part of the curve for this case in Figure 13 (i.e. the region between the two highlighted points) would not represent the As shown in Figure 13 , the contribution of the shear stress component was affected by both the adhesive type and the overlap length. On the one hand, the contribution corresponding to brittle adhesive was larger than that corresponding to ductile adhesive. On the other hand, the contribution with respect to short overlap length (i.e. l ¼ 5 mm) was large and uniform. Furthermore, all the curves suggested that the contribution from the shear stress component appeared relatively low level near the extremities of the overlap. In other words, the contribution from the tensile stress component would be relatively higher in those areas. Despite this, the influence of tensile component became relatively noticeable near the extremities, the shear component still played a dominant role in that area for the case of short overlap length because the minimum value of ðT s =s m Þ 2 was still more than 0.6 for both adhesive types.
Concluding remarks
In summary, assessments for the impact of adhesive properties have been performed systematically through defining both strength mixity and energy rate mixity for adhesives and using them to characterize the overall behavior of metallic SLJs. Both the overall strengths and the critical displacements of the joint have been characterized. A series of the strength and energy rate mixities that describe the various adhesive properties have been taken into account in the present calculations. Some comparisons of calculated results with existing experiments have been carried out for both brittle and ductile adhesives. The damage initiation and evolution of the adhesive layer have also been analyzed. The present results have shown that the overall strengths of the joints are significantly dominated by the adhesive properties, which can be characterized by the strength and energy rate mixities. Furthermore, the shear adhesive stress component played a dominate role in both the damage initiation and evolution in the adhesives, which were also considerably affected by the overlap length of the joints. It is worth mentioning that, in the present research, some issues are still not resolved and should be considered in future. Firstly, the adherends for the present model were high-strength steel with high yield strength, and plastic deformation of the adherends probably did not occur. Further work considering other metallic adherends susceptible to plastic deformation is needed. Secondly, the failure mode of the joint was another key issue. In fact, Figure 13 . Contribution distribution of shear stress component to the damage initiation of the adhesive layer, considering the influence of both the adhesive type and the overlap length.
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W. Xu and Y. Wei depending on the loading and boundary conditions, for the metallic ABJ, there may be two different failure modes as follows: (a) adhesion failure occurring at the interfacial surface between the adherends (i.e. metallic adherends in the present study) and the adhesive layer and (b) cohesion failure occurring in the adhesive layer [37] . However, in the present model, only the damage of the cohesion failure was carried out and the other failure mode was not considered. Proper failure criteria should be implemented in the models for the purpose of estimating the failure mode in the adhesive bonding systems. Thirdly, generally speaking, the adhesive thickness could influence the strength of the ABJ; previous researchers have studied the influence and have reported their results [29] . Increasing the adhesive thickness would increase the total fracture energy, which consists of intrinsic cohesive energy (i.e. fracture toughness) and plastic dissipation energy. Since the intrinsic cohesive energy of the adhesive is constant, the variation of the total fracture energy would be induced by the variation of the plastic dissipation energy. However, the present investigation was aimed at assessing the impact of a series of adhesive properties, which played a role in the SLJ; hence, the influence of various adhesive thicknesses was not considered. The exact relationship between the total fracture energy and the thickness of the adhesive layer would be investigated in our future work. Journal of Adhesion Science and Technology 29
